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2ABSTRACT
Time-resolved fluorescence technique was employed in this
investigation to study the systems of sodium salts derived from
2-ethylfluorene (2-EF1H), 1,3-di(2-fluorenyl)butane (the dimer),
poly(2-vinylfluorene) (PVF1H) and copolymers of 2-vinylfluorene
(2-VFlH) and styrene (ST). Samples were excited by laser pulses
at 355 nm and the fluorescence decay profiles were recorded at
533 nm by a pulse sampling fluorimeter. The fluorescence decay of
2-EF1Na in THE is a single exponential with lifetime of 36.9 ns.
The fluorescence decay of the sodium salt of the dimer in THE is
a sum of two exponential terms with lifetimes of 30.7 ns and 5.2
ns respectively. For sodium salts of 2-VF1H homopolymer in THF,
the fluorescence decays can be described by a double exponential
decay function with lifetimes of 9.4 ns and 3.1 ns, respectively.
The fluorescence decays of sodium salts of the VF1H-ST copolymers
in THE also contain two terms (except one copolymer sample with
extremely low VF1H content (fv=0.02) in which the decay is single
exponential): a shorter term of lifetime about 3.5(+/-1.0) ns and
a longer term of which the lifetime decreases with increasing
mole fraction of VF1H in the copolymers. The fluorescence decay
phenomena of the copolymer ion pair sample with fv= 0.72
3resembles that of the homopolymer. The fluorescence lifetimes of
the ion pairs in the dimer, homopolymer and copolymers in THE are
shorter than that of the monomeric model compound 2-EF1Na. The
results of the double exponential fluorescence decay and the
shorter lifetimes are interpreted in terms of intramolecular ion
pair aggregation of the sodium salts in THE solution.
Furthermore, the fluorescence decay of 2-EF1Na in toluene is
composed of two exponential terms with lifetimes of 30.8 ns and
7.7 ns. This can also be explained by the ion pair aggregation of
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Ionic species in a solution have been recognized for a long
time to exist in variety of forms: free ions, ion pairs, triple
ions, quadrupoles, and higher aggregates[1]. The aggregation
phenomena of ion pairs have been extensively investigated by
colligative property measurements, viscosity measurements, and
light scattering etc. for ion pairs in hydrocarbon solutions ([2]
and references cited) and by optical methods such as UV-visible
absorption and emission spectroscopy for ion pairs in ethereal
solvents[3,4,5,6].
Hogen-Esch and Plodinec[4] have examined the UV-visible
absorption and fluorescence spectra of fluorenyl salts of
lithium, sodium and cesium in various low dielectric constant
solvents. Small blue shifts in absorption and longer red shifts
in emission spectra of Li and Na fluorenyl in dioxane and toluene
together with lowering of emission intensities and shortening of
the excited state lifetimes compared to the. same salts in THE and
THP suggested ion pair aggregation of these salts in dioxane and.
toluene.
Although the absorption and steady state 'fluorescence
studies are simple to operate and the data obtained can often be
2easily analyzed, they are not useful when applied to complicated
systems, e.g. ion pairing in polymeric systems.
The studies of ion pair aggregation in polar solvents such
as diethyl ether, THF, and DMSO by colligative property and
viscosity measurements usually require the ion pair concentration
in the order of 10-2 M or higher[2]. Moreover, these methods are
useless for polymeric ion pair systems in which the association
of ion pairs takes place within a polymer chain.
Kinetic studies[7] have also suggested the existence of ion
pair aggregation for fluorenyllithium in dioxane, THF, and THP
and fluorenylsodium in dioxane. The preliminary data from a
proton transfer reaction involving poly(2-vinylfluorenylsodium)
and 9-methylfluorene showed that the reaction kinetics is of zero
order dependence.on the fluorenyl salt concentration. This is an
indirect evidence for the aggregation of ion pairs in the
polymeric system.
The purpose of this research is to provide direct evidence
for aggregation of ion pairs bounded to a polymer chain. We
employed time-resolved fluorescence technique to study the
phenomena of ion pair aggregation in sodium salts of poly(2-
vinylfluorene) and 2-vinylfluorene-styrene (VF1H-ST) copolymmers.
2-ethylfluorenylsodium (a monomeric species) and 1,3-di(2-
fluorenylsodium)butane (a dimeric species)'were synthesized to
serve as model compounds for comparison with the results of the*
ion, pairs in 2-VF1H homopolymer and the VF1H-ST copolymers.
Investigations were extended to 2-ethylfluorenylsodium in





The concept of ion pairs was introduced by Bjerrum[8] in
1926 to account for the observation in the electric conductance
measurements of sodium chloride in liquid ammonia. Since then,
much attention has been attracted to study the structures and
chemical behaviors of various ion pairs. It has been shown that
ion pairs have their own physical and chemical properties, and
behave distinctly from free ions[9].
2. Structure of Ion Pairs
Ionic species are now known to exist in the forms of free
ions, ion pairs, and aggregates of ion pairs in solvents of low
dielectric constant. In the potentiometric studies Grunwald[10]
reported that the activity coefficients of ionic species in media
of low and intermediate dielectric constant deviated greatly from
unity. He claimed that the deviation could be best described by
assuming the formation of ion pairs. In addition, two types of
ion pairs were proposed, namely, intimate (or contact) ion pairs
which are externally solvated in solution, and solvent-separated
ion pairs in which the anionic and cationic species are separated
by one or more solvent molecules.
4In 1954, Sadek and Fuoss[11] and Winstein et al.[12]
suggested at the same time but independently that ion pairs might
exist in two distinct forms, namely, loose and tight ion pairs
(which are equivalent to solvent separated and contact ion pairs
respectively). Their arguments were based upon-the thermodynamic
point of view and the solute-solute and solute-solvent inter-
actions were mainly taken into account.
In 1958, Winstein and Robinson[13] used the idea of two
types of ion pairs to account for the salt effects on solvolysis
.and related reactions of arene sulfonates. The concepts of such
distinct species was also used by Cram et al.[14] to explain the
stereochemical course of electrophilic substitution at saturated
carbons.
Direct evidence for the existence of the two kinds of ion
pairs comes from spectrophotometric studies of ion pairs in
solution. Warhurts et al.[15] employed absorption spectroscopy in
visible region (400-1000 nm) to study some organic-alkali metal
complexes in dioxane solution and reported that for a given
radical anion, the absorption peaks of alkali ketyl complexes
show a bathochromic shift as the ionic radius (r) of the alkali
metal cations increases. There is an approximately linear
relation between Vm (the frequency of maximum absorption) and
the inverse of (r+2) in A.
Similar but more interesting phenomena were reported by
Hogen-Esch and Smid[16,17] for salts of fluorenyl and other
carbanions and by Zaugg and Scharefer [18] for alkali salts of
phenols and enols. Hogen-Esch and Smid recorded the UV and
5visible absorption spectra of fluorenyl alkali salts in THE and
dioxane at different temperatures. The UV-visible spectrum of
fluorenylsodium in THE shows a sharp absorption peak at 355 nm at
25°C, together with some weaker bands in the visible region (400-
540 nm). A new peak appears at 373 nm and the 355 nm peak
intensity decreases when the solution is cooled to -30°C. Below
-50°C, only the 373 nm absorption peak exists. The spectrum in
visible region changes accordingly as temperature is lowered. The
different absorption peaks principlly reflect that two different
kinds of species exist. Moreover, when the temperature is raised
back to 25°C, the spectrum becomes identical to that before. This
indicates that the change is reversible and that the two species,
one exists at room temperature and the other at lower
temperature, are in equilibrium with each other. The possibility
that the new species appeared at lower temperature being free
fluorenyl anion is ruled out by the following investigations: The
relative heights of the two absorption peaks (at 355 nm and 373
nm) at various temperatures are not affected by dilution and
common salt effect (by addition of NaB(Ph)4). Moreover, the
dissociation constant for fluorenylsodium, based on conductivity
studies, is very small in this solvent. Thus, the solvent-
separated ion pair is formed at low temperatures due to a
significant gain in solvation energy. Thereafter, the effects of
temperature, counterions and solvents on the optical absorption
of ion pairs have been extensively studied for fluorenyl salts
and other carbanions and radical ions. Investigations are
extended to carbanions of indene and 4,5-methylenephenanthrene
6and the corresponding nitranions of carbazole, 4,5-iminophenan-
threne and indole. Similar results are observed[19].
Besides, emission spectroscopy technique is applied to study
the ion pairing in excited states, especially the first excited
state (S1)[20,21,22]. These experiments reveal that ion pairing
in the S1 state does exist in two distinct forms, i.e. contact
ion pairs and solvent-separated ion pairs as in the ground state
(SO). Both low energy and high energy shifts in fluorescence
spectra are observed when ion pair structure changes from contact
ion pairs to solvent-separated ion pairs. Energy level diagrams
are proposed to explain these red and blue shifts.
3. Aggregation and Reactivities of Ion Pairs
In solutions containing ionic species, free ions, various
kinds of ion pairs and sometimes higher aggregates of ion pairs
may coexist. They are obviously different from one another in
their physical and chemical properties, and therefore, most
likely behave differently in chemical reactions. The reactivities
of these ionic species have been intensively examined in
different types of chemical reactions[9]. It is well established
that the free ions,in general, have highest reactivity while the
reactivity of solvent-separated ion pairs is higher than that of
contact ion pairs. In 1967, Hogen-Esch and Smid[7] suggested the
existence of aggregations of fluorenyllithium in dioxane, THF,
1,2-dimethoxyethane (DME) and of fluorenylsodium in dioxane when
studying the reactivity behavior of these fluorenyl salts in
proton transfer reactions involving 1,2- and 3,4-benzofluorene.
7It was found that the aggregates of ion pairs react much slower
than the free ions and ion pairs.
The aggregation phenomena of organolithium compounds are
most intensively studied in solution by colligative property
measurements such as freezing point depression[23], isopiestic
[24], boiling point elevation[25], and vapor pressure depression
[24]. Hexamers, tetramers and dimers were reported to exist for
various kinds of organolithium compounds in hydrocarbons[2].
Usually, the simple, straight-chain, unhindered alkyllithiums are
associated into hexameric aggregates while alkyllithium compounds
with branching at either the a- or -carbon tend to aggregate
into tetramers. For some organolithium compounds, hexamers and
tetramers are in equilibrium and the equilibrium constants are
dependent on concentration, solvent and temperature[26,27,28,29].
The effect of solvents on the structure of organolithium
compounds is quite dramatic. For example, hexameric ethyllithiums
in cyclohexane and in benzene[23,30] can be converted to
solvated tetramers in diethyl ether[31] benzyllithium and poly-
(styryl)lithium which are dimeric in hydrocarbon solutions become
unassociated species in THE solution[32,33]. In general, low
degree of aggregation is favored in low concentration, high
temperature and solvents with strong solvating power.
The reactivities of alkyllithiums as initiators for anionic
polymerization reactions are closely linked to their degree of
aggregation. It is generally accepted that.the less associated
species are more reactive in initiating polymerizations[34,-35].
8Polymeric organolithium compounds are also recognized to
form dimeric or higher aggregates in hydrocarbon solutions.
Various techniques such as light scattering[36], viscosity
measurements of the concentrated solution [37], and cryoscopy[38]
have been used to study these associations. But the degree of
association of some organolithium polymers are arguable. For
example, Szwarc stated[39] that the poly(styryl)lithium is
probably in the form of tetramer in cyclohexane while other
investigations[32,40,41] have shown that the poly(styryl)lithium
chain ends are associated into dimers. In addition, the relation-
ship between the kinetic order of the propagation reaction and
the degree of association is also disputable. It has been noted
for a long time that a 1/2 order dependence on the active centre
concentration usually reflects a dimeric aggregation of the chain
ends[42]. This degree of aggregation-kinetic. order relation is
based on the concept that only the unassociated active centres
which are in equilibrium with the associated ones are responsible
for the propagation reaction. However, the results reported by
Fetters and Young[43] indicates that a necessary connection
between the degree of aggregation of organolithium polymers and
the observed kinetic order of the propagation reaction need not
exist."
The phenomena of ion pair aggregation can also be studied by
absorption and emission spectroscopy and other experimental
techniques. Exner et al.[3] investigated the system of 1-(2-
hexyl)fluorenyllithium by UV-visible absorption, ebulliomet*ry and
NMR spectroscopy. They found that the ion pairs aggregate in
9various solvents such as THF, diethyl ether, cyclohexane, and
benzene.
Hogen-Esch and Plodinec[4] reported that the aggregate of
fluorenyl anions in bis(fluorenyl)barium in THF and THP is in the
form of BaF12 ion triple and this is ascribed to account for the
spectroscopic observations in absorption and emission spectra.
The same authors also reported the absorption and fluorescence
spectra of fluorenylsodium in dioxane, fluorenyllithium in
dioxane and toluene and fluorenylcesium in dioxane, THP and
THF[5]. In dioxane and toluene, lithium and sodium salts show 3-6
nm blue shifts in absorption maxima and 5-13 nm red shifts in
emission peaks with-respect to the spectra in THP. The shifts
seem very anomalous and cannot be described by the effect of ion
pairing on these salts'because, in terms of ion pairing, blue
shifts in absorption are expected to be greater than the
corresponding red shifts in emission when the cationic radius is
decreased or the, separation between anion and cation is
shortened. Besides, the emission intensities of these salts are
much lower and their excited state lifetimes are much shorter in
comparison with that of the same salts in THP and THF. Moreover,
the bandshape of the spectrum of fluorenyllithium in dioxane is
different from that in THP and THF, and the shapes of its
emission and excitation spectra are concentration dependent. On
the other hand, the intensities of the fluorescence emission of
the cesium salts in dioxane, THF, and THP are about the same, and
the bandshapes of the emission spectra are similar to that of the
lithium and sodium salts in THP and THF. Also, the lifetime of
10
the excited state of the cesium salt is independent of the
solvents. These observations are interpreted in terms of ion pair
aggregation of fluorenyllithium and fluorenylsodium in dioxane
and toluene using an excitors exchange model.
The lower emission intensities and the shorter excited state
lifetimes of fluorenyllithium and fluorenylsodium in dioxane and
toluene are mainly due to more effective quenching within the ion
pair aggregates than between the isolated ion pairs and solvents.
In another. publication Hogen-Esch and Plodinec[6] reported the
dependence of excited state lifetime on ion pair concentrations.
The lifetime. of fluorenylsodium in THP is 40 ns at 1x10-5 M,
which changes to 30 ns at 2x10-4 M and 24 ns at 6x10-4 M.
Obviously, high concentration will cause the ion pairs to
associate into dimers or higher aggregates which introduce larger
perturbation between ion pairs and hence shorten the excited
state lifetimes. Since the monomeric ion pairs and the aggregates
of ion pairs are quite different in their chemical environments,
the lifetimes of these two distinct species are expected to be
not the same. The decreases in lifetime just indicate the faster
rate of dispersion of excited state energy but it does not
provide the direct evidence for ion pair aggregation in these
systems, i.e. it tells nothing about the number of species in the
excited state that contribute to the total emission. The extent
of ion pair association has not been estimated for these salts.
It is, clear that the occurrence of association of ion pairs
in solution and the degree of ion pair aggregation depend upon
the structure and types of ion pairs, the concentration,
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solvents, and temperature. Physical and chemical techniques can
be employed to study the structure of ion pairs in solution and
their reactivities in various kinds of reactions. The detailed
nature of ion pairs in polymeric systems is quite interesting for
their importance in polymerization and related reactions[44].
Wong[45] studied the proton transfer reaction between poly(2-
viny1fluorenylsodium) and 9-methylfluorene and found that the
reaction rate is zero order to fluorenyl canbanion concentration.
This can be interpreted as the aggregation of 'polyion-pairs in
the system. The transient fluorescence techniques, which have
been proved- to be very successful in studying inter and
intramolecular interactions in systems of small molecules and
macromolecules, can be adopted to provide information about the
aggregation of ion pairs in polymeric systems. Such information
cannot be easily obtained by simple absorption and steady state
emission spectroscopy.
4.. Transient Decay Studies of Photophysical Processes
Despite the fact that the technique of time-resolved
luminescence has not been extensively used in the studies of ion
pair systems (especially in polymeric ion pair systems), it is,
however, commonly employed for photophysical and photochemical
studies of synthetic polymers and biopolymers. Since the spectral
and temporal characteristics of luminescence are sensitive to
environmental influences, the determination of these characteris-
tics can provide information on the molecular environments. For
example, by monitoring the change in time-resolved fluorescence
spectra with time after excitation, information on processes such
12
as complex formation (i.e. excimer and exciplex), electronic
energy transfer to other species, solvent and vibrational relaxa-
tions, and formation of products, etc. can be readily obtained.
The ready availability of reliable instrumentation has
brought about a rapid increase in the use of the luminescence
technique to study the structure and properties of molecular
systems. Usually, the lifetime of fluorescence decay process lies
in the region of 10-12 to 10-7 seconds. In order to measure the
characteristics of these fast processes, both suitable excitation
sources and high-speed electronic detection systems are required.
For the measurements of fluorescence lifetimes, pulse method and
phase-modulated method are two widely used techniques. The pulse
method employs pulses of light to excite the sample and measures
the intensities of the time-dependent decay of fluorescence after
excitation. In the phase-modulated method the sample is excited
with a sinusoidally changing light source and the phase
difference between the excitation and the emission is detected.
Pulse Method. Traditional excitation sources such as flash
lamps deliver pulses of a finite time duration, usually several
nanoseconds. Under the circumstances when the decay lifetime and
the pulse width are of comparable order, the fluorescence decay
is convoluted with the excitation pulses. Deconvolution proce-
dures (actually iterative convolution) can then be applied to
extract the decay parameters from the measured fluorescence
profiles, but lifetimes much shorter than the pulse width could
not be measured accurately.
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The invention and introduction of pulsed lasers as
excitation sources result in a significant improvement in the
techniques for time-resolved measurements. For example, the
adoption of mode-locked picosecond lasers as excitation sources
extends the pulse technique to study the fluorescence processes
occurring in the picosecond domain[46,47]. In facts, pulse lasers
with picosecond pulse width minimize the effect of excitation
pulse width on the fluorescence decay profiles, and are suitable
for the measurements of subnanosecond processes. This improvement
leads to high temporal resolution and enables more accurate decay
parameters to be obtained. However, the apparatus is expensive
and therefore not yet-widely used.
Before the availability of ultrahigh-speed instruments for
signal recording, it is difficult to measure an entire time-
resolved decay profile of a fast process by single pulse
excitation. This is because a detection system with faster
response time than. the decay lifetime of the sample as well as
with high sensitivity is required for these measurements.
Instead, sampling methods were put on use for monitoring
repetitive fast transient processes. These methods are restricted
to view only a single point from the transient each time it
occurs instead of observing the entire transient on each
occurrence. A complete representation of the transient can be
gradually constructed by observing different points of the
process. The basic requirement for sampling methods is that the
excitation source must be stable and reproducible during the
experiment.
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Several techniques have been developed for the sampling
detection methods[48]. Sampling oscilloscope is one which has
been used for many years[49,50]. The measured signal is directly
displayed on a cathode ray tube (CRT) when the device is swept
across the entire transient process. The detection limit of this
technique depends on the rise time of the oscilloscope. Usually
the rise times for slow-oscilloscopes are 0.3 to 1.0 nsec while
those for fast ones are 10 to 100 psec. This technique can be
used for measuring nanosecond and subnanosecond decays depending
on the unit. Boxcar integrator is another device which has been
used for recovering the waveform of a repetitive signal and
performing signal averaging[51]. Instead of sweeping across the
entire waveform rapidly, it scans slowly and views a specific
point of the waveform each time the boxcar is triggered.
Transient recorders are instruments which can observe the
entire transient each time it occurs. The signals recorded are
rapidly written into a memory system for storage. This kind of
devices provides fast recording rate for a complete fluorescence
profile can be observed following a single excitation pulse. When
the fluorescence intensity from a single pulse is not sufficient,
a number of fluorescence profiles can be measured for signal
averaging.
For processes occurring in low-picosecond range, streak
cameras may be used as detection devices[52,53]. In the streak
camera technique the light signal strikes a photocathode and the
photoelectrons generated are then accelerated into a deflection
field. Finally, the amplified electron beam is displayed on a
15
phosphor screen for photography or processed by a video camera-
computer system.
Time-correlated Single Photon Counting Method (SPC) is one
of the most popular detection approaches for measuring short
lifetime of fluorescence processes by pulse method[54].. The main
components of a SPC instrument consist of a excitation source
(flash lamp or pulse laser), a start photomultiplier tube (PMT),
a stop PMT, a time-to-amplitude converter (TAC), and a multi-
channel analyser (MCA) used in the pulse height analysis (PHA)
mode. The SPC method bears many advantages over other techniques.
One of them is that relative low emission intensities are
required for which makes SPC a highly sensitive method for
lifetime determinations.
Phase-Modulated Method In this case, the excitation
intensity is a sinusoidal function and the fluorescence decay
will vary correspondingly with the varying excitation, but there
exists a phase shift between the emission and the excitation
waveforms. Generally, the longer lifetime of sample will exhibit
greater phase lag of the emission behind the excitation. For an
emission decay process with single exponential lifetime T, the
phase shift S can be correlated to the modulation frequency (f)
of the excitation light as
S= tan-1(2 fT).
This technique has been used to measure extremely short lifetime
accurately because of the exact determination of phase angles of
high frequency waveforms[55]. However, owing to the fact that
16
only single phase shift is observed, there are difficulties in
applying phase shift method to analyze multi or non-exponential
decays.
Applications to Polymer Systems Phillips'et al.[56] have
employed the techniques of time-resolved fluorescence to study
the transient decays of homopolymers of 1-vinylnaphthalene, 2-
vinylnaphthalene, 1-naphthyl mathacrylate and copolymers of 1-
vinylnaphthalene and methyl acrylate. Intramolecular excimer
formations are demonstrated in these systems and some photo-
physical kinetic schemes have been proposed to account for the
triple exponential decay function which fits the observed decay
profiles. Guillet et al.[57] have examined the fluorescence decay
curves of some naphthalene-containing polymers and reported that
both the monomer and the excimer emissions were recorded. The
time-resolved fluorescence behavior of polystyrene and styrene-
methyl. mathecrylate copolymers has been studied by Soutar et
al.[58] using pulse'laser excitation. The photophysical charac-
teristics of polystyrene and polyvinylnaphthalene have been
compared. The fluorescence decays of poly(N-vinylcarbazole) have
also been investigated by time-resolved techniques[59,60].
All these studies have shown that the time-resolved
fluorescence methods can be used to probe the kinetics of various
processes in aromatic polymers. Therefore, it seems to be





1. Purification of standard samples and solvents
1.1 Standard Samples
Indole (Aldrich) and fluorene (BDH) were purified by
sublimation twice before use. Naphthalene (BDH, AR grade) was
recrystallized from ethanol and vacuum sublimated twice before
use. Azulene (Aldrich). was purified by recrystallization from
ethanol.
Benzil (Peking) used as the calibration standard in
molecular weight measurements was recrystallized from benzene
and then dried in vacuo at 25°C for 10 hours.
1.2 Solvents
Benzene and toluene used in synthetic work were first shaken
twice with concentrated sulfuric acid and washed with water until
the aqueous layer became neutral. After drying with anhydrous
magnesium sulfate(MgSO4), the solvent was refluxed over calcium
hydride(CaH2) overnight and subsequently fractionally distilled.
Tetrahydrofuran (MERCK) was refluxed overnight over LiAlH4
(under nitrogen) and then fractionally distilled. Only the centre
portion was retained and stored under nitrogen (purged with dried
N2 for 20 min.).
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For spectrofluorimetric measurements, spectroscopic grade
cyclohexane (MERCK) was fractionally distilled before use. THE
used in ion pair systems was refluxed over Na-K alloy overnight
and then distilled. It was stored in vacuum with the presence of
Na-K alloy and benzophenone. Toluene was shaken with
concentrated H2SO4, then refluxed overnight over CaH2 and
fractionally distilled and stored over CaH2 in vacuum.
2. Preparation of Materials
2.1 Monomers
2-Vinylfluorene(2-VF1H). The monomer, 2-Vinylfluorene, was
prepared according to'the method described by Smid et al.[44]. 25
g 2-acetylfluorene (Aldrich) was stirred with 8 g NaBH4 in 500 ml
absolute ethanol at room temperature (25°C) overnight. After
reaction, white solid was obtained in two portions, namely, by
filtration of the suspension solution and from the solid residue
left over after removing off the solvent from the filtrate by a
Rotavap. The combined solid was stirred in 500 ml of 1: 1
chloroform-water mixture and the solution was neutralized with
dilute hydrochloric. acid. The chloroform layer was separated and
washed with water several times until the solution became neutral
and then dried by anhydrous MgSO4. White crude product, 2-(a-
hydroxyethyl)fluorene was obtained after removing off chloroform
by a Rotavap. The product then was recrystallized from toluene.
Yield: 89'% m.p. 140-141°C IR (KBr disc): 3330 cm-1 NMR
(CDC13) shown in Appendix A: b =1.50 (d, 3H, -CH3)1 8 =1.85
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(s, 1H) -OH), b =3.85 (s, 2H, CH2), b =4.90 (q, 1H, -CH(OH)-),
b =7.20-7.90 (m, 7H, aromatic ring protons).
5 g 2-(a-hydroxyethyl)fluorene was dissolved in 400 ml
toluene with catalytic amount of p-TsOH added. This solution was
azeotropically refluxed for 60 min.. After cooling, the solution
was washed with 1% NaOH solution and then water until neutral.
After toluene was removed by a Rotovap, the crude product was
then dissolved in 10 ml chloroform. and chromatographed through
a 25 cm silica gel column( diameter 2.4 cm), using n-hexane as
eluent. The product, 2-VF1H, was collected as the first band off
the column and subsequently recrystallized from n-hexane. Yield:
65% m.p. 140-141°C NMR (CDC13) shown in Appendix A: b =3.85
(s, 2H, CH2), b =5.20 (d, 1H, trans-F1-C=CH), S= 5.75 (d,
cis-Fl-C=CH), b =6.84 (q, 1H, Fl-CH=), b= 7.20-7.90 (m, 7H,
aromatic ring protons).
Styrene(ST). Styrene (Aldrich) was purified by vacuum
distillation before use.
2.2 Homopolymer and Copolymers
Poly(2-vinylfluorene) (PVF1H). 2.1 g 2-VF1H and 0.01 g
azobisisobutyronitrile (AIBN) were dissolved in 20 ml benzene in
a polymerization reactor. The reaction mixture was degassed via
three freeze-pump-thaw cycles and then sealed off from a vacuum
line. The polymerization was carried out in a well stirred system
at 75°C for 50 hours. After reaction, the polymer was obtained by
pouring the solution into 350 ml methanol and then filtering. The
product was purified by precipitation repeatedly in methanol. The
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polymer was washed with methanol, then air-dried and finally
dried in vacuo for 20 hours. Yield: 1.2 g. NMR spectrum (CDC13)
is shown in Appendix A.
In the copolymerization reaction, two monomers, 2-VF1H and
styrene, were dissolved in benzene and then AIBN was added. The
solution was degassed and then sealed off from a vacuum line.
Copolymers with different mole fractions of 2-VF1H were
synthesized by adjusting the monomer feed ratios. Conditions for
the copolymerization were identical to that for the homopolymeri-
zation of 2-VF1H except that the copolymerization time varied
from 7 hours to 24 hours depending on the extent of the reaction.
NMR spectra (CDC13) for the copolymers are shown in Appendix A.
2.3 Model Compounds
2-Ethylfluorene(2-EF1H). 2-EF1H was prepared by atmospheric
hydrogenation of 2-VF1H using 5% palladium on charcoal (Pd-C) as
the catalyst.
0.5 g 2-VF1H was dissolved in 50 ml ethyl acetate and
catalytic amount of Pd-C was added. After stirring under
atmospheric hydrogen for 4'-hrs., the Pd-C was filtered off and
the ethyl acetate in the filtrate was removed*by a Rotavap. The
white solid obtained was then recrystallized from ethanol. Trace
amount of ethanol was removed in vacuum. Yield: 70% m.p. 98-
100°C NMR (CDC13) shown in Appendix A: =1.30 (t, 3H, -CH3)1
& =2.72 (q, 2H, -CH2-)7 S =3.88 (s, 2H, CH2), & =7.18-7.80
(m, 7H, aromatic ring protons).
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1,3-Di(2-fluorenyl)butane. This compound is called 'dimer'
in this investigation and was synthesized by the following
procedures.
10 g 2-acetylfluorene (Aldrich) and 4 g p-TsOH were
dissolved in 250 ml toluene. The reaction mixture was azeotro-
pically refluxed for 100 min. under nitrogen and then cooled down
to room temperature. The solution was washed with 30 ml 2%
aqueous NaOH and then water until the solution became neutral.
The toluene layer was separated and dried with calcium chloride.
After toluene was removed by a Rotavap, the pink coloured residue
was dissolved in 80 ml hot ethanol.and the undissolved material
was hot filtered off. The clear orange-yellow .filtrate was
allowed to stand for 5 hours and pink solid was obtained. The
solid was then dissolved in a minimum amount of chloroform and
chromatographed through a 45 cm long silica gel column (d= 2.4
cm) using toluene as eluent. The product, 1,3-di(2-fluorenyl)-2-
buten-l-one, was collected as the second band off the column and
subsequently recrystallized from heptane-toluene (5: 1) mixed
solvent. Yield: 2.65 g m.p. 222.5-224°C Mass spectrum m/e: 398
(M+, base peak), 203, 193, 179, and 165 NMR (CDC13) shown in
Appendix A: =2.70 (s, 3H, -CH3), 6 =3.98 (s, 4H, CH2)7
S =7.25-8.26 (m, 15H, =CH- and aromatic ring protons).
0.5 g 1,3-di(2-fluorenyl)-2-buten-l-one was subjected to
hydrogenation in 60 ml THE at 3.5 atm and 25°C for 3 hours. 0.05-
g 5% Pd-C' was added as a catalyst. After reaction, the mixture
was filtered and the solvent was removed by a Rotavap. The white
solid obtained was then dissolved in 8 ml chloroform and chroma-
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tographed through a 21 cm long silica gel column (d= 1.3 cm)
with toluene as eluent. The product, 1,3-di(2-fluorenyl)butane,
was collected as the first band off the column and subsequently
recrystallized from n-heptane. Yield: 0.15 g m.p. 163.5-164.5°C
Mass spectrum m/e: 386 (M+), 193 (base peak), 179, and 165 NMR
(CDC13) shown in Appendix A: b =1.35 (d, 3H, -CH3)7 8 =2.00
(sixtet, 2H, -CH2-), b =2..62 (t, 2H, -CH2-Fl), b =2.83 (m, 1H,
CH-), b =3.85 (s, 2H, CH2), b =3.89 (s, 2H, CH2), =7.10-
7.80 (m, 14H, aromatic ring protons).
3. Formation of Ion Pairs
The convertion of neutral fluorene groups in the polymers
and the model compounds to ion pairs was carried out in high
vacuum (10-6 torr) using an all-glass apparatus equipped with
break-seals[44].
The metallation of 2-EF1H, the dimer, PVF1H and the VF1H-ST
copolymers was done by allowing the corresponding neutral
compounds to react with sodium salt of 1,1,4,4-tetraphenylbutane
dianion in THF. Ion pair solutions of 2-EF1H and the dimer in
toluene were prepared from the corresponding THF solutions by
removing THF and then distilling toluene onto the dry salts under
vacuum. When the above procedure was repeated once in order to
completely remove THF, it was found that the salts were not
soluble in toluene. Therefore, small amount of THF was added to
enhance the solubilities of the salts in toluene.
The crown ether-fluorenyl salt complexes were prepared in an
all-glass enclosed and evacuated apparatus by adding the solid of
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dimethyldibenzo-18-crown-6 (DMDB-18-C-6) via a break-seal to a
carbanion solution in THF. The amount of DMDB-18-C-6 added was
slightly in excess. The UV-visible absorption spectra of ion
pairs before and after the addition of the crown ether were
recorded. The absorption peak before the addition of crown ether
was at 357 nm, which shifted to 373 nm after the addition of
DMDB-18-C-6.
All ion pair solutions were stored under vacuum in glass
apparatus and kept in a freezer at -250C when not in use. The
glass apparatus was specially designed for fluorescence
measurements. It was tested before use by 355.nm laser excitation
and scanned from 380 nm to 800 nm to ensure that there is no
emission in the spectral range of interest.
4. Characterization of Monomer, Polymers and Model Compounds
H NMR spectra were recorded on a JEOL 60 MHz instrument and
a 250 MHz FT superconducting instrument (Bruker). Deuterated
chloroform containing TMS as internal standard was used as the
solvent. IR spectra were recorded on a Beckman AccuLab 1 infrared
spectrophotometer. Mass spectrograph were determined by a VG
MICROMASS model 70-70F instrument.
Optical absorption spectra of ion pair solutions were
measured by a HITACHI model 323 recording spectrophotometer in
the region of 340 nm to 600 nm, using a quartz cell with path
length of 5 mm, which'is attached to the all-glass apparatus used
for ion pair formation. The mole fractions of fluorene group in
the VF1H-ST copolymer samples were determined by UV absorption
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spectroscopy in THF, and from NMR spectra of the copolymers. The
number average molecular weights of the 2-VF1H homopolymer and
the VF1H-ST copolymers were determined by vapor pressure
osmometry in benzene on a KNAUER model 1100 vapor pressure
osmometer. Benzil (Peking) and polystyrenes with number average
molecular weights of 2100 and 9000 from Dow Chemical (H.K.) were
used as calibration standards.
5. Steady State Fluorescence Measurements
Steady state fluorescence. spectra of ion pairs were--recorded
on a Perkin-Elmer model LS-5 luminescence spectrometer. The
excitation wavelength was set at 357 nm, which, in most cases,
corresponded to the UV absorption maximum of the sodium carbanion
salts. Both the excitation and the emission slits were 0.5 nm.
The fluorescence emission was scanned from 400 nm to 800 nm.
6. Transient Fluorescence Decay Measurements
6.1 Introduction
The fluorescence decays of ion pairs in 2-VF1H homopolymer,
the VF1H-ST copolymers and the model compounds were measured by a
pulse sampling laser fluorimeter. The apparatus[61] was built by
Mr. K.F. Chow of the Department of Physics, CUHK..The experimen-
tal setup is composed of two parts: the measuring instruments and
the data acquisition system (see Figure 3.1).. The measuring part
includes a Nd:YAG laser, a monochrom.ator (Monospec 18 JARRELL-ASH
model 82-477), a photomultiplier (HAMAMATSU R331), and a boxcar























head unit 163) while the data acquisition system consists of a
programmable interval timer, an analog to digital converter and
an 8-bit microcomputer system.
6.2 Experimental Setup
The excitation source used in this research work is a
Quanta-Ray DCR-2(10) Nd:YAG laser with fundamental output wave-
length of 1064 nm. The fundamental frequency is tripled and
quadrupled by two KDP crystals to generate laser pulses with
wavelengthes 355 nm (FWHM= 10 nm) and 266 nm (FWHM= 7 nm),
respectively. Figure 3.2 shows a typical laser pulse profile at
355 nm obtained by right angle scattering of the laser off a
silica gel dispersion in 0.01 molar NaCl solution. The repetition
rate used for excitation was 10 pulses per second. The output
energy of the laser was measured by a SCIENTECH model 326 power
meter, and typical energy of laser pulses was adjusted to be 0.1
mJ/pulse for 266 nm output and 0.4 mJ/pulse for 355 nm output.
Samples of the'ion pair solution under studies were sealed
in glass apparatus equipped with a 13 mm ID glass cell. During
experiment the cell' containing the sample-solution was inserted
into a cell holder inside a dark box. The laser beam was aligned
to incident onto the glass cell and fluorescence emissions (as
well as the scattering signal for.obtaining laser-profile) were
measured at right angle to the incident beam. The fluorescence
light was focused by a quartz lens of focal length 7 cm onto the
entrance slit (1.08 mm) of a monochromator. The light coming out
from the monochromator went directly into a potomultiplier (PMT)




Figure 3.2 A typical excitation pulse profile at 355 nm
obtained by right angle scattering of the






high voltage in the range from 1300 V to 1700 V supplied by a DC
power supply (HEWLETT PACKARD 6516A). The operation voltage was
chosen in such a way that the signal input to the boxcar
integrator was about 0.8 to 0.9 V in a full input range of 1.0 V.
In addition, the magnitude of the signal could also be adjusted
by using neutral density filters in front of the PMT.
The signal output from the PMT was sent to a boxcar
integrator through a 18 meter long, 50 ohm coaxial cable. Through
the cable the signal was delayed so that it would arrive the
boxcar integrator at a reasonable time later than the triggering
pulse. A few percent of the incident laser beam was reflected by
a quartz plate and focused by a quartz lens onto a photodiode to
serve as the triggering signal.
The boxcar integrator was controlled by a microcomputer to
sample the input signal and perform signal averaging. A scan time
of 100 seconds was set for all decay measurements. For samples
with lifetimes shorter than 15 ns, the scan range was 100 ns
while that for samples with longer lifetimes (i.e. larger than 15
ns) the range was 200 ns. This selection of the scan range
enables us to get enough data points from the decay profiles. In
the marginal cases, both 100 ns and 200 ns scan ranges were used
and the outcomes were quite consistent.
The averaged signal output from the boxcar integrator as a
function of scan time (0-100 sec) was a voltage with full output
range of 10 V. Through an A-D converter, the analog output signal
was digitized and then stored in the memory system of a micro-
computer, which could be accessed for high resolution plotting.
The data were finally stored in a floppy minidisk in the form'orm' of
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a sequential text file. The stored data were easily taken out and
transfered to IBM 3031B-MVS mainframe system for iterative
deconvolution data fitting.
7. Methods of Data Analysis
Because of the finite duration of the laser excitation pulse
(about 10 ns), the measured fluorescence decay profile and the
excitation profile must be treated by deconvolution techniques to
extract kinetic information. Several deconvolution methods have
been briefly reviewed and compared by Demas[48].
Methods for data treatment used in this investigation were
phase plane method which is suitable for single exponential
kinetics and nonlinear least square iterative deconvolution which
is applicable to all decays. In some cases of single exponential
fluorescence decay with much longer lifetimes compared to the
excitation pulse, the tail of the fluorescence profile was
treated by taking logarithm and the lifetimes were calculated
directly from the slope of the straight line.
7.1 Phase Plane Method
Phase Plane Method was first developed by*Demas and Adamson
in 1971[62]. This method has been modified and is now well
established[63,64]. It is a convenient and powerful analytical
method for systems with single exponential impulse response.
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Let I(t)= K exp(-t/T) be the impulse response of the
sample. The sample decay is then given by
(3.1)
where D(t) and E(t) are the measured decay data and excitation
data at time t respectively, T is the decay mean lifetime, and K
is the pre-exponential factor which depends on the optical
response of the sample. It must be pointed out that the values of
D(t) and E(t) should be measured under the same conditions.
Equation (3.1).can be rearranged and written in the form of
W(t)=* (-1/T) Z(t)+ K (3.2)
where
A plot of W(t) against Z(t), known as the phase plane plot,
gives a straight line from which the decay parameters K and T can
be obtained. Normally, nonlinearity in the phase plane plot will
imply that the decay kinetics is more complicated than a single
exponential. In practice, the early few points which correspond
to the rising part of the fluorescence profile usually deviate
greatly from a straight Z-W plot. This discrepancy mainly comes
from the experimental error (jittering) of the laser pulse which
causes great error in-the rising edge of the decay profile D(t).
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Data points from the peak to that which are three percent of
the peak value in the decay curve were used to fit a straight
line by method of linear regression. Lifetime T is obtained from
the slope while K from the intercept of the best fitted straight
line. Generally, the Phase Plane method was applied to each set
of measured data points. However, if nonlinear behavior of the Z-
W plot was observed, then the nonlinear least square iterative
deconvolution method was used to extract decay parameters.
7.2 Nonlinear Least Square Iterative Deconvolution
The central spirit of nonlinear least square iterative
deconvolution method is to search for the parameter values of a
fitting function to make it best fit the experimental data set by
means of iterative convolution. The only criterion for best fit
is that the chi-square value X2 is minimum X2 is defined in
general as
where R i is the residue between experimental data and the
corresponding fitting data Wi is a weighting factor.
This iterative deconvolution method has been established and
extensively used[65,66,67,68,69]. Although the method.. is of high
complexity and the processing is very computer-time consuming, it
has the advantages of accuracy and can be applied to multiple
exponential decays.
In our work, there are three independent programs specially
designed for single, dual and triple exponential fluorescence
decay data fitting respectively. For a measured excitation
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profile E(t), there can be generated a set of fitting data by
D'(t)= G(x) E(t-x) d(x) (3.3)
0
where G(x) represents the exponential decay function in the form
of
N
G(t) = Aiexp(-t/Ti). (3.4)
i=1
There are 2N parameters to be determined with N being the
number of exponential decays. The reduced chi-square function is
(3.5)
where n is the number of data points to be fitted and V= n- 2N
is the number of degrees of freedom, W. is the weighting factor
and equals to unity in this work D(j) is the value of
experimental data points. The major function of the program is to
calculate x2 and reduce it to a minimum value by Marquardt's
algorithm[48]. The minimum value of X2 is searched by differen-
tiation of equation (3.5) with respect to each parameters, i.e.








This yields a set of 2N equations. Solving this system of linear
equations by computer program using Guass-Jordan Elimination
method[63] will give a new set of parameters Ar and Tr which are
in turn substituted into equations (3.3), (3.4), (3.5) and (3.6)
for another iteration. The procedure is continued until a best
set of fitting data is obtained. A computer program written in
FORTRAN for least square iterative deconvolution data fitting is
given in Appendix B.
In practice, the raw experimental data stored in floppy
minidisks were normalized to have a peak value of 250 units and
then typed into IBM 3010B (MVS) system in which the deconvolution
programs were created. A set of parameters Ar and Tr were guessed
to initiate the first iteration. Each time when X 2 was
calculated, the parameters would be modified as described before
and the program proceeded to next iteration until a minimum value
of .x2 was obtained. Usually, a value of X2 less than 5 is
satisfactory.
After the kinetic parameters had been obtained, either by
Phase Plane method or by nonlinear least square iterative
deconvolution, they. were used to generate a decay curve by
reconvolution integral and this curve was compared with the
experimental data. A good visual matching of the experimental
and the regenerated curves usually could not guarantee a good
fit. Statistical method such as residue plot and autocorrelation
function were used to serve as criteria for good fitting. The
reduced residue R(i) and autocorrelation C(j) are defined as
follows:
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(3.7)R(i) = [D'(i) - D(i)]' (i)
(3.8)
where A=D'(i)-D(i) and j runs from 1 to (n-m). A random
distribution about zero in reduced residue as well as in auto-





Part I. Synthesis and Characterization
1. Synthesis and Characterization of Polymers
Poly(2-vinylfluorene) (PVF1H) and 2-vinylfluorene-styrene
(VF1H-ST) copolymers were made via radical polymerization
initiated by AIBN in degassed benzene. All reactions were carried
out in a well stirred system at 75°C. Since the reactivity ratio
for 2-vinylfluorene (2-VF1H) is much greater than that for
styrene (see below), the extents of reaction for copolymerization
were kept at less than 15% conversion to ensure a random distri-
bution of fluorene groups in copolymer chains.
Six VF1H-ST copolymer samples with different 2-VF1H mole
fractions were prepared. This was brought about by using
different 2-VF1H to styrene molar feed ratios in copolymerization
reactions. The mole fraction of fluorene group in VF1H-ST
copolymers were determined by measuring the UV absorption spectra
of these copolymers in THE solution. Although both fluorene and
styrene absorb light in ultraviolet region, their absorption
spectra are quite different. Figure 4.1 shows the UV absorption
spectra of 2-ethylfluorene (2-EF1H), PVF1H, and polystyrene in




Figure 4.1 UV absorption spectra of 2-ethylfluorene
poly (2 -viny if luorene)
and polystyrene(------) in THE at 25°C.





in the region of wavelength higher than 290 nm, i.e. the presence
of polystyrene in the system would not affect the absorption
peaks of 2-EF1H and PVF1H at 306 nm. This provides the basis for
using the absorbance of the VF1H-ST copolymers at 306 nm as a
measure of the fluorene content in the copolymers. The
calculation of fv in the copolymers was based on the molar
absorptivities of the pendent fluorene groups in the homopolymer
and 2-EF1H at 306 nm, which differ not more than 5%. Moreover,
the mole fraction (fv) of fluorene group in copolymers can also
be determined by NMR spectroscopy. The results from UV absorption
measurement are consistent with that obtained from NMR method as
shown in Table 4.1. However, the NMR method is only applicable to
determine the fv value in high fluorene content copolymers. For
copolymers with fluorene- content lower than 20%, the results will
not be accurate.
Table 4.1 A Comparison of fv Values Obtained by
UV Absorption Spectroscopy and NMR Method




Table 4.2 illustrates the molar feed ratios of 2-VF1H to
styrene in copolymerization and the calculated mole fractions of
fluorene group (fv) in the copolymers. The reactivity ratios for
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the VF1H-ST copolymerization system were found to be R v= 3.51 and
Rs= 0.58 according to the method proposed by Kelen and Tudos[70].
Figure 4.2 shows the plot of rj against for the VF1H-ST
copolymerization system from which the values of Rv and Rs are
determined.
The mole fraction of the lingkages occurring between two
neighbouring 2-VF1H monomers in the chain (fvv) and the mean





where Rn is called run number which was introduced by Harwood and
Ritchey[72] as a useful parameter for the characterization of
copolymer sequence distribution, [Mv] and [MS] are concentrations
of 2-VF1H and styrene during the copolymerization, respectively.
The results of fvv and lv are also listed in Table 4.2.
Table 4.3 shows the number average molecular weights of 2-
VF1H homopolymer and the VF1H-ST copolymers determined in benzene
solution by a vapor pressure osmometer. The degrees of polymeri-
zation for these homopolymer and copolymers are in the order of
several tens except that with Mn= 5300.
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Table 4.3 Number Average Molecular Weight of PVF1H
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Figure 4.2 Plot of q against for the copolymerization of
2-vinylfluorene and styrene.
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2. Synthesis and Characterization of Model Compounds
2-Ethylfluorene was synthesized according to scheme I.
In this investigation, 2-ethylfluorene serves as a
'monomeric' model compound. 2-Ethylfluorenylsodium (2-EF1Na) is
regarded as an isolated species without inter-ion-pair inter-
actions in THE in comparison with ion pairs in the homopolymer
and the copolymers in which the inter-ion-pair interactions are
expected to exist.
The ethyl group attached to the fluorene chromophore should
behave similarly to the polymer backbone in VF1H homopo.lymer and
the VF1H-ST copolymers. And therefore, we used it as the model
compound instead of fluorene.
1,3-Di(2-fluorenyl)butane was used as the 'dimeric' model
compound in this work. Scheme II illustrates the procedure for
the preparation of this dimer.
Formation of 1,3-di(2-fluorenyl)-2-buten-l-one (II) from 2-
acety1fluorene (I) is essentially an aldol condensation. Usually,
aldol condensations are carried out in strong basic medium.
Unfortunately, basic catalyzed aldol condensation is not feasible
in fluorene systems since in addition to the acidic ax-hydrogens
in 2-acetylfluorene, the hydrogens at 9-position in the fluorene
ring are also acidic which affect the normal course of the
reaction. Some condensation reactions of 2-acetylfluorene carried
out in basic medium at 25°C, 70°C, and 100°C respectively
produced a'mixture of products and the starting material as well,
but none of them was the expected condensation product. The idea
of acid catalyzed condensation came from Baisted and Whitehurst.
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[73] who reported the formation of 01(9)-octal-2-one from 2-
formyl-2-3'-oxobutylcyclohexanone in the presence of p-TsOH. The
acid catalyzed aldol condensation is applicable in the fluorene
system and gives a satisfactory yield of 60% for the formation of
the dimer precursor.
The transformation from 1,3-di(2-fluorenyl)-2-buten-l-one
(II) to the dimer, 1,3-di(2-fluorenyl)butane (III), seems
improbable in only one step by hydrogenation. The removal of
double bond and carbonyl group is not easy in a, /3-unsaturated
ketone, especially when the conjugation extends to the two
fluorene groups at two ends. In general, catalytic hydrogenation
can reduce the double bond and leave the ketone functional group
unchanged in mild conditions. We found in our studies that both
the ketone and the aikene groups were reduced to yield a
saturated hydrocarbon by Pd-catalyzed hydrogenation in THE at 3.5
atm and 25°C. The mechanism of this process might be that the
double bond is first reduced by hydrogenation followed by the
reduction of carbonyl group to hydroxyl group. Dehydration of the
alcohol forms a new double bond which is finally hydrogenated to
give the substituted butane. The reduction of ketone to alcohol
is possible at H2 pressure of 3.5 atm under Pd catalysis.
However, the driving force for the formation of a new double bond
from alcohol is still unknown. The presence of acid in the system
seems to be the cause. In other trials, hydrogenation at the same
conditions yields a ketone (IV) and a alcohol (V). It is



































































Scheme III Formation of ion pairs.
46
3. Absorption Measurements on Ion Pairs
Ion pair samples were prepared by the reaction of sodium
salt of dianion 1,1,4,4-tetraphenylbutane (Na2D2) with 2-VF1H
homopolymer, the VF1H-ST copolymers and the model compounds
respectively. Conversions of the neutral molecules to ion pairs
are shown in Scheme III.
The course of the metallation was monitored by UV absorption
to ensure 100% conversion to ion pairs. Figure 4.3 illustrates
the absorption spectra of sodium salts of 2-ethylfluorene (2-
EF1Na), the dimer and poly(2-vinylfluorene) (PVF1Na) in THF. The
absorption maxima and the bandshapes are similar to that of
fluorenylsodium in THE reported by Hogen-Esch and Smid[16]. The
absorption maximum at 357 nm indicates that 'the ion pair
structure is of the type of contact ion pairs. Sodium salts of
the copolymers show similar phenomena in their UV-visible
absorption spectra. The absorption spectra of sodium salt of 2-
ethylfluorene and the dimer in toluene are identical to those in
THF, although it is known that the association of ion pairs is
most likely to occur in hydrocarbon solvents with poor solvating
power[2]. Based on the above observations, it is clear that the
isolated (or free) ion pair and the aggregated ion pairs in the
polymer chain or in toluene solution show no difference in ground
state absorptions. Therefore, UV-visible absorption cannot
provide information on whether the ion pairs exist as aggregates.
When adding DMDB-18-C-6 to the THE solutions of 2-EFINa and
PVF1Na, the absorption peaks originally at 357 nm shift to 373







Figure 4.3 UV absorption spectra of sodium salts
of (a) 2-ethylfluorene, (b) 1,3-di(2-
fluorenyl)butane and (c) poly(2-vinyl-










Figure 4.4 UV absorption spectra of 2-EF1Na and PVF1Na
(a) with and (b) without the presence of
DMDB-18-C-6 in THE at 25°C.








ion pairs to crown-separated ion pairs (see Figure 4.4). The
shoulder at 357 nm for PVF1Na-crown ether complex is due to the
incomplete complexation of the ion pairs with DMDB-18-C-6 even
though the crown ether added is in excess.
Part II. Fluorescence Studies of Ion Pairs
4. Steady State Fluorescence Measurements
Steady state fluorescence spectra of ion pairs in the
polymers and the model compounds were obtained by exciting the
samples at 357 nm and scanning the fluorescence emission from 400
nm to 800 nm. Figure 4.5 illustrates the fluorescence spectra of
2-EF1Na and PVF1Na and Figure 4.6 shows that of three sodium
salts of VF1H-ST copolymers in THF. The emission spectra of all
these ion pair samples show two peaks which are about 40 nm
apart. These spectra are similar to that of fluorenylsodium in
THE and THP reported by Hogen-Esch and Plodinec[5,6]. They
claimed that the two maxima were not due to different species.
because similar spectra were obtained for all fluorenyl salts.
Moreover, the relative intensities were not affected by the
addition of common cation and were independent of concentration
and solvent. They suggested that the doublet was due to the
transition from the first excited state to two different vibra-
tional levels of the ground state. This postulation is supported
by our studies in which the fluorescence spectra of the ion pairs
in the monomer, the dimer and homopolymer show similar shape.




Figure 4.5 Steady state fluorescence spectra of
sodium salts of 2-ethylfluorene(-)
1,3-di(2-fluorenyl)butane(-) and







Figure 4.6 Steady state fluorescence spectra of
sodium salts of three VF1H-ST copolymer










mole fraction of VF1Na. It must be pointed out that in our work,
the fluorescence spectra show a shoulder at about 620 nm for all
samples which was not reported for fluorenyl salts [6]. The
appearance of a low energy shoulder can also be explained by the
emission from the excited state to a higher vibrational level in
the ground electronic state.
Based on the fact that the shapes of all these spectra are
similar to each other, there is no evidence for excimer emission
from the ion pairs in the homopolymer and copolymers, although
excimer emission is quite common in aromatic homopoly.mers and
copolymers[54]. However, this does not rule out the formation of
excimers from the ion pairs because they may decay by nonradia-
tive transitions. The identical steady state fluorescence
behavior of the ion pairs in the monomer, the dimer, the homo-
polymer and copolymers gives no information on the interactions
between ion pairs. Therefore, the steady state fluorescence is
not applicable to study the ion pair aggregation phenomena in
this system.
5. Transient Fluorescence Decay Studies
5.1 Standards
Standard samples were used in this work in order to test the
reliability of the pulse sampling laser fluorimeter. Their single
exponential fluorescence decays in dilute solution were measured
and the observed decay profiles were analysed by both the Phase
Plane method and the method of nonlinear least square* iterative
deconvolution. The results of these standard samples are listed
in Table 4.4.
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Table 4.4 Results of Standard Samples Measured at 25°C
Measured Decay Time(ns) Lit. Value





a: by Phase Plane method
b: by least square iterative deconvolution
c: by taking logarithm
The reason of choosing these standard samples is mainly due
to their fluorescence lifetimes. We choose four standards with
lifetimes range from 1.6 ns to 96 ns to ensure that the system is
reliable over a large time scale covering all the measured
lifetimes in this research. The results determined by the Phase
Plane method are poorer than those evaluated by the method of
least square iterative deconvolution when compared with the
literature values. This may be due to the following reasons: In
the Phase Plane method the Z-W plot is fitted by linear
regression from the peak to the data point that is 3% of the peak
value in the decay curve. Data points prior to the peak are not
taken into account because they deviate greatly from the Z-W
plot. Thus error is introduced. On the other hand, the nonlinear
least square fitting uses all the data.from the beginnig of the
emission to the data point in the tail of the decay profile with




Figure 4.7 Fluorescence decay and fitting profiles of
fluorene in cyclohexane (1x10-4M) measured














Figure 4.8 Weighted residue plot of fluorene in






edge before the peak are most important for those samples with
short decay lifetimes. Data points of value less than 3% of the
peak value are ignored since these data incorporate with the
background noise and give a poor signal-to-noise ratio. Figure
4.7 illustrates the fluorescence and fitting curves for fluorene
in cyclohexane. The regenerated fitting curve matches the
observed decay profile very well by visual judgement. The corres-
ponding weighted residue plot is shown in Figure 4.8.
5.2 Fluorescence Decay of Sodium Salts of the Model
Compounds in THE
Ion pair solutions of 2-ethylfluorene (monomer) and 1,3-
di(2-fluorenyl)butane (dimer) in THE were excited with the 355 nm
laser output and the emissions were viewed at 533 nm. Figures 4.9
and 4.10 illustrate the fluorescence decay profiles, the fitting
profiles and the weighted residue plots of these two samples
respectively. The decay parameters are listed in Table 4.5.
Table 4.5 Exponential Decay Parameters for Ion Pairs
of the Model Compounds in THE at 25°C
T2(ns)A2T1(ns)Al x2Sample Conc. (M)
4.120.132 36.91x10-4Monomer
2.135.20.07930.70.1131x10-4Dimer
excitation at 355 nm











Figure4.9 (a) Fluorescence decay and fitting profiles and
(b) weighted residue plot of 2-ethylfluorenyl-
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Figure 4.10 (a) Fluorescence decay and fitting profiles
% and (b) weighted residue plot of sodium salt
of the dimer in THE measured at 533 nm 25 °C.
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The fluorescence decay of 2-ethylfluorenylsodium in THE
could be fitted by a single exponential decay function. The decay
lifetime was found to be 36.9 ns which corresponds to a decay
rate of 2.7 x 107 s1. This value is consistent with that (40 ns)
of fluorenylsodium in THP reported by Hogen-Esch and Plodinec[5].
The single exponential behavior observed for 2-EF1Na indicates
that there is only one kind of species in the excited state that
contributes to the fluorescence emission. In such low concen-
tration of 2-ethylfluorenyl carbanion, the inter-chromophore
interaction is not expected to exist. Therefore the lifetime of
36.9 ns is due to the emission of an unperturbed species in the
excited state.
In contrast, the fluorescence decay profile of sodium salt
of the dimer in THE could not be fitted by a single exponential
function( X2 12). Nevertheless, a double exponential decay
law in the form of
I(t)= A1exp(-t/T1)+ A2exp(-t/T2)
can fairly well describe the fluorescence decay behavior( X2=
2.13). The dual exponential decay of the ion pairs in the dimer
gives a strong indication that two kinds of fluorescence species
exist in the excited state. This phenomenon could be explained by
the fact that the sodium salt of the dimer may exist in two
conformations in solution, namely, extended and aggregated
conformati'ons (see Figure 4.11).
The longer lifetime of about 31 ns for the dimer is due to




Figure 4.11 Extended and aggregated conformations of sodium
salt of 1,3-di(2-fluorenyl)butane in THF.
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the result for the monomer, this value which is slightly shorter
than 37 ns could be explained as due to the slight influence of
one fluorenyl ion pair on the other in the dimeric system
through a butane chain. The energy of the excited state can
dissipate through the chain resulting in a slightly shorter
lifetime.
The shorter term of 5.2 ns obviously results from another
species, most probably, the species with aggregated conformation.
The strong electrostatic interaction between the two neighbouring
ion pairs is the driving force that causes them to aggregate. The
much shorter decay time is thus due to the large perturbation in
the aggregate of ion pairs which leads to a faster rate of
dispersion of the excited state energy.
5.3 Fluorescence Decay of Poly(2-vinylfluorenylsodium) in THE
Figure 4.12 shows the fluorescence decay at 533 nm by PVF1Na
in THE excited with the laser at 355 nm. Fitting the decay curve
by a single exponential decay function yielded a very poor result
( X2 > 20). On the other hand, satisfactory fit to the decay
profile was obtained by using a bi-exponential decay law. Table
4.6 lists the decay parameters for PVF1Na in THE at 25°C.
Table 4.6 Decay Parameters for Two-Exponential Fit to
Poly(2-vinylfluorenylsodium) in THE at 25°C
A2 x2Al T1(ns)Conc.(M)Sample T2 (ns)
3.563.10.2210.087 9.41x10-4PVF 1Na
excitation at 355 nm
emission viewed at 533 nm
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(ns)
Figure 4.12 Fluorescence decay profile at 533 nm by
PVF1Na in THE excited with the laser at
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The 533 nm emission from PVF1Na in THE contains a rapidly
decaying component with a lifetime of 3.1 ns and another
component with a longer lifetime of 9.4 ns. The absence of long
lived species as compared with model compounds (37 ns for the
monomer and 31 ns for the dimer) suggests that the environment
of ion pairs.in PVF1Na homopolymer is quite different from that
in the monomer or the dimer. The ion pairs in the polymeric
system are bounded by a polymer chain and are expected to
associate into high degree aggregates owing to,-the strong ion
pair interaction in such a short distance. The rapidly decaying
species is, therefore, assigned to the ion pair aggregates.
Besides these aggregated ion pairs there is a small fraction of
ion pairs which attach to the end groups of polymer chains. These
ion pairs are less easy to aggregate than those in the centre
parts of a polymer chain and contribute to the decay with
lifetime of 9.4 ns. Although these ion pairs are nonaggregated,
their fluorescence decays are likely to be quenched by other
groups, leading to a faster decay rate. Thus, this kind of ion
pairs is distinct from both highly aggregated species (with
lifetime 3.1 ns) in the homopolymer and the monomeric species
(with lifetime 37 ns) in the model compounds.
5.4 Fluorescence Decay of Ion Pairs in the VF1H-ST
Copolymers in THE
The fluorescence decay emission of sodium salts of the VF1H-
ST copolymers were recorded at 533 nm as in the cases for the
homopolymer and the model compounds. Figure 4.13 illustrates the
decay profiles of the ion pairs in three copolymer samples with
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(a) f = 0.02
v
(b) f = 0.43
(Figure 4.13 Fluorescence decay profiles of three sodium
salts of the VF1H-ST copolymers (fv= 0.02,
0.43 and 0.72) in THE at 25°C.














mole fraction of VF1H (fv) equal to 0.02, 0.43 and 0.72,
respectively in THE at 25°C. The fluorescence decay parameters
evaluated by least square data fitting are listed in Table 4.7.
Table 4.7 Decay Parameters for the Ion Pairs in the









excitation at 355 nm
emission viewed at 533 nm
The fluorescence decay behavior of the 0.02 fv copolymer
sample in THE could be described by a single exponential decay
law. The decay lifetime was found to be 34.2 ns. Single expo-
nential decay kinetics indicates that there is only one kind of
fluorescence species in the excited state. This is expected
because at such low content of fluorenyl chromophore in the
polymer chain, it is very difficult for the ion pairs to
associate into ion pair aggregates. The interaction between ion
pairs in this copolymer is very small and they are regarded as
'isolated' fluorescence centres. In comparison with 2-EF1Na in
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THF, the lifetime of this non-aggregated species is slightly
shorter than that of the monomer. This is probably due to the
fact that the ion pairs are attached to the polymer backbone
which provides ways for the excited ion pairs to release their
excited state energy, resulting .in a decrease of decay lifetime.
For the other copolymer samples (fv ranges from 0.07 to
0.72) in THF, the fluorescence decays could not be fitted by a
single exponential function, but could be reasonable well fitted
using a sum of two exponentials. From Table 4.7 we can see that
the 533 nm emissions from the copolymer ion pair solutions
contain two decay terms, namely, a shorter term and a longer
term. Double exponential fluorescence-decay indicates that there
are at least,two kinds of emitting species in the excited state.
The species with shorter lifetime is probably the ion pair
aggregate in the copolymers. The lifetimes all lie in the range
of 3.5+/-1.0 ns except one for 0.43 fv copolymer sample. This
lifetime does not vary much with respect to the mole fraction of
VF1H (fv The result is agreed to that for ion pairs in the
homopolymer (T2=3.1 ns). It is concluded that the shorter
lifetime T2 is insensitive to the degree of aggregation since it
is expected that the degree of ion.pair aggregation is propor-
tional to fv value of the copolymers. The exception may be due to
the very low molecular weight of this copolymer sample. In this
low molecular weight (Mn= 5300) sample, the average total number
of ion pairs in a polymer chain is small and the end groups have
a relatively high fraction, which limit the degree of association
of ion pairs. Thus, the lifetime of the aggregated species is
slightly longer.
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For the. low fluorene content copolymers (fv= 0.07, 0.15 and
0.20), the contribution of the shorter term to the total
fluorescence emission is small (low A2/A1 value). This implies
that the extent of ion pair aggregation in these copolymer
samples is low. Moreover, the fraction of the total number of
lingkages that occur between 2-VF1H monomer (fvv) is very small
(see Table 4.2). Therefore, the formation of ion pair aggregates
between the neighbouring groups has a low probability. Although
the ion pair association can still occur through the segmental
motions of the polymer chains, this kind of ion pair aggregate is
more difficult-to form and the degree of ion pair aggregation in
this case is expected to be less than that occurring in the 2-
VF1Na homopolymer. For the middle and high fluorene content
copolymers (fv= 0.43 and 0.72), the shorter lifetime term becomes
important and contributes much.to the total fluorescence decay.
The species with longer fluorescence lifetime is due to the
non-aggregated ion pairs. The nature of these species is very
sensitive to the environmental factors such as solvents, electric
field effect, polymer chain and others. As we observed, the
fluorescence lifetimes change as the mole fraction of VF1Na
varies. The decay lifetimes (T1) for the low'fv copolymers are
approximately the same (23.4 to 26.2 ns) which is shorter than
that for the monomer (37 ns). Again, the decrease of the
fluorescence lifetime is probably due to combined factors (such
as energy transfer to other groups and to the chain) that provide
ways to dissipate the energy of the non-aggregated ion pairs in
the excited state. It is interesting to see that the lifetime of
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10.1 ns for the fv=0.72 copolymer sample is very much close to
that for the PVF1Na homopolymer, which, together with the very
similar short lifetimes (2.9 ns and 3.1 ns) indicates that the
aggregation phenomena are similar to each other in both cases,
i.e. in the ft,=0.72 copolymer and in the homopolymer.
5.5 Fluorescence Decay of 2-Ethylfluorenylsodium in Toluene
The fluorescence decay of 2-EF1Na at 533 nm in toluene, in
contrast to that in THF, is not a single exponential. However,
double exponential decay law can appropriately describe the
fluorescence behavior. Table 4.8 illustrates the two-exponential
decay parameters for 2-EF1Na in toluene. The double exponential
decay indicates that there are two kinds of fluorescence species
in the excited state.
Table 4.8 Decay Parameters for 2-Ethylfluorenylsodium
in Toluene at 25°C
T2(ns)A2 x2Al T1(ns)Sample Conc. (M)
1.997.70.0780.107 30.81x10-42-EF1Na
excitation at 355 nm
emission viewed at 533 nm
Toluepe is a hydrocarbon solvent with solvation power much
less than ethereal solvents such as THF. Therefore, it is not
surprising that ion pairs which are monomeric in THF will
associate into ion pair aggregates in toluene. For example,
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organolithium compounds have been shown to exist in the forms of
hexamers, tetramers and dimers in hydrocarbon solutions[2]. The
two exponential decays resolved from the fluorescence decay
profile of 2-EF1Na in toluene clearly show the existence of a
species other than the monomeric one in-the system. The shorter
lifetime of the decaying species strongly suggests the formation
of ion pair aggregate in toluene solution. However, the degree
of aggregation is still unknown. By comparing with the fluore-
scence decay of sodium salt of the dimer in THE in which the
decay lifetimes are 30.7 ns and 5.2 ns, we suggest a dimeric
aggregate of 2-EF1Na ion pairs in toluene.
5.6 Fluorescence Decay of 2-EF1Na and PVF1Na in the
Presence of DMDB-18-C-6 in THE
The time-resolved fluorescence decay studies are extended to
the system of complexes of fluorenyl ion pairs with DMDB-18-C-6.
The complexation of the ion pairs with the crown ether changes
the ion pair structure from contact ion pairs to crown-separated
ion pairs[75]. The solvation of the sodium cation by DMDB-18-C-6
increases the interionic distance between the anion and the
cation. It is expected that the presence of DMDB-18-C-6 in PVF1Na
system would alter the degree of aggregation of the ion pairs.
Table 4.9 illustrates the decay parameters for 2-EF1Na and PVF1Na
in the presence of DMDB-18-C-6 in THF.
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Table 4.9 Decay Parameters for the Crown Ether Complexes of




Excitation at 355 nm
Emission viewed at 533 nm
The long- decay lifetime of 2-EF1Na-DMDB-18-C-6 complex is
obviously caused by peripheral solvation of the sodium ion with
the crown ether. It is in line with 82 ns obtained 'for sodium
fluorenyl-crown ether complex in THP and 96 ns obtained for free
fluorenyl carbanion in THF[5].
The fluorescence decay of PVF1Na-DMDB-18-C-6 complex
consists of two exponential terms. In comparison-with the result
of PVF1Na in THF, the two lifetimes, T1 and T2, increase in the
presence of crown ether, one from 9.4 ns to 29.7 ns while the
other from 3.1 ns to 4.5 ns. The significant increase of lifetime
for the unassociated species (longer lived) is'perhaps due to the
combined effects of crown ether-separation and a change of the
degree of ion pair aggregation. Also, as reflected by the A2/A1
value, the relative concentration of the two decaying species
changes from 2.5 without DMDB-18-C-6 to 0.8 with DMDB-18-C-6
present. The lifetime for the aggregated species has a less
striking -increase from 3.1 ns to 4.5 ns. This is most probably
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due to the incomplete complexation of the ion pairs by the crown
ether. The increase in the lifetime T2 reflects a change of the




Time-resolved fluorescence studies in monomeric, dimeric,
and polymeric ion pair systems have revealed great differences in
the fluorescence decay behaviors among these systems, which could
not be easily observed by UV-visible absorption and steady state
fluorescence measurements.
1. The fluorescence decay of 2-EF1Na in THE is single
exponential with lifetime of 36.9 ns.
2. The fluorescence decay of the sodium salt of the dimer in
THE can be expressed in two exponential terms. This is explained
by the two conformations of the dianion salt in the soluion,
namely, extended and aggregated conformations. The extended ion
pair has a longer lifetime (30.6 ns) while the aggregated species
has a shorter one (5.2 ns).
3. The fluorescence decay of PVF1Na in THE is double
exponential (Ti= 9.4 ns, T2= 3.1 ns). The aggregated ion pairs
contribute much to the total fluorescence decay. This indicates
that the polymer-bound ion pairs are extensively aggregated.
4. The fluorescence decays of ion pairs derived from the
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VF1H-ST copolymers show a change of association states of ion
pairs with the mole fraction of VF1H (fv) in the copolymers. For
extremely low VF1H content copolymer (fv= 0.02), the fluorescence
decay can be described by a single exponential decay law and the
fluorescence characteristics resemble that of the monomeric
species 2-EF1Na. Aggregation of ion pairs exists in other
copolymer samples. For the low VF1H content copolymers with fV
equals 0.07, 0.15 and 0.20, the mole fraction of the ion pairs
that aggregate is small. The non-neighbouring ion pair aggre-
gation is attributed to the main-chain flexibility of the
copolymer.
5. For medium and high VF1H content copolymers (fv= 0.43 and
0.72), the ion pairs are highly aggregated. In these copolymers,
neighbouring and non-neighbouring ion pair association may occur.
The fluorescence behavior of the copolymer with fv=0.72 is very
similar to that of 2-VF1H homopolymer.
6. The fluorescence of 2-EF1Na in toluene is double expo-
nential. This indicates that the ion pairs which are monomeric in
THE aggregate in toluene solution. The characteristics of the
fluorescence decay, which is similar to that of the sodium salt
of the dimer in THF, suggest a dimeric aggregation of 2-EF1Na ion
pairs in toluene.
7. The presence of DMDB-18-C-6 in THE solution of PVF1Na
alters the degree of ion pair aggregation as indicated by the
lengthening of the fluorescence decay lifetimes and the change of
the relative fluorescence intensity (A2/A1 value).
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APPENDIX A
Proton NMR Spectra of
Monomer, Polymers and Model Compounds
in CDC13
A-1. 2-(a-Hydroxyethyl) fluorene (60 MHz)
OH
CH-CH3CH
9 8 7 6 5 4 3 2 1 ppm1
75
A-2. 2-Vinylflyorene (60 MHz)
CH=CH9
8 7 6 5 4 3 2 1 0
ppm
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A-3. Poly(2-vinylfluorene) (250 MHz)
9 8 7 6 5 4 3 2 1 0
ppm
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A-4. VF1H-ST Copolymer with fV=0.02 (250 MHz)




A-5. VF1H-ST Copolymer with fv=0.07 (250 MHz)
9 8 7 6 5 4 3 2. 1 0
ppm
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A-6. VF1H-ST Copolymer with fV=0.15 (250 MHz)
34
9 8 7 6 5 4 3 2 1 0
ppm
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A-7. VF1H-ST copolymer with fv=0.20 (250 MHz)
5 4 3 2 1 09 8 7 6
ppm
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A-8. VF1H-ST Copolymer with fv=0.43 (250 MHz)
9 8 7 6 5 4 3 2 1 0
ppm
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A-9. VF1H-ST Copolymer with fv=0.72 (250 MHz)
9 8 7 6 5 4 3 2 1 0
ppm
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A-10. 2-Ethylfluorene (250 MHz)
9 8 7 6 5 4 3 2 1 0
ppm
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A-11. 1,3-Di(2-fluorenyl)-2-buten-i-one (250 MHz)
9 8 7 6 5 4 3 2 1 0
ppm
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A-12. 1,3-Di(2-fluorenyl)butane (250 MHz)
234




A Computer Program for
Nonlinear Least Square Iterative Deconvolution
PROGRAM DECONVOLUTION
THIS PROGRAM IS CREATED TO PERFORM NONLINEAR LEAST SQUARE DATA
REDUCTION OF MULTIPLE FLUORESCENCE DECAYS.
DATA OBTAINED FROM THE LASER-BOXCAR SYSTEM ARE INPUT INTO A DATA
SET NAMED 'B050761.IONPAIR.DATA(NAME).' IN IBM 3031B--MVS
MAINFRAME SYSTEM.
INITIAL GUESSES OF THE DECAY P S ARE MADE TO START FITTING.
SEARCHING IS DONE BY MARQUARDT ALGORITHM AND CURVE FITTING BY
ITERATIVE CONVOLUTION.*
SUBROUTINE INCLUDED: CURFIT, GAUSS, ECHISQ, FUNCTN, FDERIV,
RESCHK, BAES, STEP
IMPLICIT REAL'%8(A H,O-Z)
DIMENSION E(300), D(300), YFIT(300), WEIGHT(300), S(300), A(10)














































IF (ITER.EQ.50) GOTO 60
IF (ITER.EQ.100) GOTO 60
IF (CHISQR.GE.1.00) GOTO 50
CALL RESCHK(D,YFIT,NSTART,NEND,TBASE,WEIGHT,CHISQR,A)60
IF (ITER.EQ.100) GOTO 500
IF (CHISQR.GE.1. 00) GOTO 50
STOP500
END

















































FORMAT(' ABS MAX RESIDUAL',E11.4,5X,'NUMBER TOT PTS',14,5X,1000
RMS TOT RESIDUAL',Eli.4,/,1X,'POS MAX RESIDUAL',Eli.4,5X,1
NUMBER POS PTS')14,5X,'RMS POS RESIDUAL',Eli.4,/1X,2
NEG MAX RESIDUAL',E11.4 5X,'NUMBER OF NEG PTS',I4,5X,3
'RMS NEG RESIDUAL',Ell.44





















5000 FORMAT(1X,'F(X)= ',D14.7,'% X+ ,D14.7)
WRITE (6,2000)DSQRT(DABS(R2))
2000 FORMAT(1X,'COEFFICIENT OF CORRELATION= ,D14.7)
WRITE (6,3000)DSQRT(DABS(RK)/FLOAT(NPTS-2))
3000 FORMAT(1X,'STANDARD ERROR OF ESTIMATE_ ,D14.7)

























301 FORMAT(1X,'SUM OF RESIDUAL-LEFT= )D10.4,/)




FORMAT(1X,'SUM OF RESIDUAL-RIGHT= ',D10.4,/)
401
IF (RESL.LT.-O.3 AND. RESR.GT.0.1) GOTO 110










IF (CHISQS.GE.CHISQR) GOTO 130
WRITE (6,600) NS






THIS SUBROUTINE SEARCHES BASELINE AND RECTIFIES DATA.










IF (Y(I).GT.BBASE .OR. Y(I).LT.250.0) GOTO 30
Y(I)=BBASE






IF (Y(I).LT.255.0) GOTO 2040
WRITE (6,100) I,Y(I)









FORMAT(1X,'STARTING POINT : ',13,5X,'END POINT : ',I3,/)200
RETURN
END
THIS SUBROUTINE PERFORMS CURVE-FITTING BY ITERATIVE CONVOLUTIONS.
CHI-SQUARE VALUE WILL BE DETERMINED EACH TIME BEFORE THE NEXT
ITERATION IS PROCEEDED.
FLAMDA IS A FACTOR INTRODUCED IN MARQUARDT'S METHOD TO INCREASE.





























DO 53 K=1 J
ALPHA(K,Jj=ALPHA(J,K)53
EVALUATE CHI-SQUARE AT STARTING POINT
CALL ECHISQ(D,YFIT,NFREE,WEIGHT,FCHISQ,NSTART,NEND)
CHISQ1=FCHISQ
























































UPDATE THE DETERMINANT VALUE
DETER=DETE'ALPHA(K, K)
CHECK FOR PIVOT ELEMENT TOO SMALL
IF (DABS(ALPHA(K,K)).GT.EPS) GOTO 5
GOTO 11





ELIMINATE K(TH) COLUMN ELEMENTS EXCEPT FOR PIVOT
DO 9 I=1,6




















THIS SUBROUTINE CONVOLUTES THE LASER PROFILE WITH. THE EXPONENTIAL
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